INTRODUCTION -l o
In 1953 Whitfeld and Markham and Brown, Fried and Todd first demonstrated the elimination of inorganic or esterified phosphate from periodate-oxidized ribonucleotides (dialdehydes) in the presence of glycine at pH 10-10.5 and room temperature.
On the basis of more detailed studies, which also showed the release of free base from the 3'-termini of oligonucleotides, 3 4
Whitfeld and Brown et al. recommended this reaction, in combination with enzymic dephosphorylation, as a possible method for 3 stepwise sequence analysis of polyribonucleotides. Whitfeld emphasized the importance of isolating all nucleotide intermediates before proceeding with further manipulations and Brown et 4 al. showed the reaction to be incomplete at pH 10-10.5, whether
or not amine (glycine) was present in the reaction mixtures.
Hakomori demonstrated later that quantitative phosphate elimination was achieved when periodate-oxidized nucleotide wastreated with cyclohexylamine. This reaction was further studied by Yu and Zamecnik , and other primary amines were also shown to 7-9 be effective promoters of phosphate elimination . Khym and Q Cohn reported that the amine derivatives of nucleotide dialdehydes underwent complete dephosphorylation at pH's substantially less than 10. Neu and Heppel later pointed out that both excess periodate and elevated temperature (45°) were required for complete release of free base in the presence of a primary amine. These authors also reported that incubation of trinucleoside diphosphates simultaneously with phosphatase, periodate, and amine led to the formation of compounds with the chromatographic behavior of dinucleotides and the release of only one equivalent of inorganic phosphate; no evidence for further degradation was obtained. Although the mechanism of this reaction has been investigated extensively in many laboratories, it has not yet been fully elucidated and, compared with conventional approaches to RNA sequence analysis, the scope of this 11-18 method's application has been rather limited Brown et al. first showed nucleotide dialdehydes to undergo substantial, albeit incomplete, phosphate elimination in the absence of amine at pH 10-10.5, and more recently Schwartz and Gilham have characterized the products of this reaction as methylene derivatives (I) of dialdehydes, which were formed by B-elimination after removal of excess _ periodate. In contrast to the situ-/ '°\ B a s e H c _ / \j ation in the presence of primary \ H H ' amine, periodate was found not to be It I I required for complete reaction, which O O occurred at pH 8.4. We have inde-1 pendently made similar observations and, in addition, found that, if both periodate and alkaline phosphomonoesterase are added to a solution of a polyribonucleotide at slightly alkaline pH in the absence of a primary amine, a continuous degradation process ensues, which leads to complete digestion of polyribonucleotides on to dialdehyde derivatives and orthophosphate . This reaction, 21 which was shown to proceed at extremely low nucleotide Solutions of these compounds were prepared, assayed and stored 30 as described . Other chemicals used were of analytical reagent grade. Button-type permanent Alnico magnets (1/2" dia. x 3/8" high) were from General Hdwe. Mfg. Co., Inc., New York.
A 10 mg sample of the commercial alkaline phosphatase was dialyzed exhaustively for 24 hr at 4° against 3 changes (3L each) of deionized water. The dialysis tubing had been immersed previously in 0.01 M Na 2 -EDTA (pH 7.0) for 24 hr at 23° and then boiled for 15 min in glass-distilled water. Care was taken to avoid contaminating the enzyme, as well as nucleotides, reagents and chromatographic materials, with nucleases ("finger nucleases", contaminated glassware, etc.). 5'-Nucleotidase in commercial venom phosphodiesterase was inactivated by acid 31 treatment 01igonucleotid.es were eluates from DEAE-cellulose. Electrolytes and urea were removed by passing the samples through a 32 Bio-Gel P-2 (BioRad Laboratories) column (2 x 100 cm) . Nucleotide fractions were evaporated at 32 in vacuo in a Buchler Evapomix and taken up in a small volume of water. For an approximate estimation of nucleotide concentrations, an E O C A value 3 1 1 of 12 x 10 x N M cm was used where N is the chain length. (For the hexanucleotide DCDAAG, calculation of molar absorptivi-3 ty was based on a chain length of 4, i.e. EggQ = 48 x 10 .)
Preparation of PEI-cellulose thin layers. PEI-cellulose thin layers were prepared as described^3 t except that a neutralized (pH 6) 0.5% (w/v) solution of polyethyleneimine was used. The sheets were cut to the sizes 20 x 25 cm (System 1, see below) or 20 x 22 cm (System 2). The layers were purified by soaking in NaCl solution, water, and then by ascending development with 33 water . The 20 x 25 cm sheets were washed in the coating direction, the 20 x 22 cm sheets perpendicularly to the coating direction. Sheets were stored at -18° until use. Occasionally commercial PEI-cellulose layers were used but reproducibility of separations was found to be better on layers prepared in the laboratory.
Base analysis of oligonucleotides by ( H)-labeling. All procedures involving ( 3 H)-labeled borohydride were carried out under a well-ventilated hood.
The procedure was a scaled-down version of the one described previously . A mixture of enzymes and electrolytes was prepared containing, per 100 pi, 16 ug E. coli alkaline phosphomonoesterase (dialyzed as described above), 20 ug RNase A, 20 ug snake venom phosphodiestevase (not acid-treated) and 1 umole MgCl 2 . The pH was adjusted by adding 5 pi 0.6 M N,N-bis(2-hydroxyethyl)glycine (bicine), pH 8.0 at 23°. The buffer solution could be kept at 4 for up to 4 weeks; freezing was found to cause alterations that may interfere with the labeling reactions. 4 pi of the enzyme-buffer mixture was added to 0.5-1 pi of a solution containing about 10" mole of oligonucleotide. Incubation was done in 25 x 6 mm glass tubes for 6 hr at 38°. For subsequent tritium incorporation, the digest was diluted with 15 pi water and 2 pi 1.5 x 10~3 M NaIO 4 solution was added (sufficient for oligonucleotides of chain lengths «10). After incubation at 23° for 2 hr in the dark, the samples were cooled to 0° and 0.5 pi of ice-cold 0.3 M K-phosphate buffer, pH 6.8, was added, followed immediately by the addition of 2 pi 3 x 10" M ( 3 H)-KBH 4 (in 0.1 N KOH, 2-4 Ci/mmole). After 2 hr at 23° in the dark, 2 pi 5 N acetic acid was added and the sample was dried at 23° in vacuo over solid KOH and P o 0 c . The residues were taken up
in 10 pi water. 2-3 ul of these labeled solutions were analyzed pc on by 2-D TLC on cellulose and liquid scintillation counting ' . 2-4 nmoles of unlabeled trialcohols of the four major nucleosides were co-chromatographed with the labeled samples to serve as UV-absorbing markers. Development was with (A) acetonitrile/ 4 N ammonia (3.4 : 1, by vol.) to 17 cm above the origin (first dimension) and then for the second dimension with (B) tert. amyl alcohol/methyl ethyl ketone/acetonitrile/ethyl acetate/water/ formic acid (specific gravity, 1.2) ( 4 : 2 : 1.5 : 2 : 1.5 : 0.18, by vol.) to about 2 cm on a Whatman 1 wick attached to the sheet with staples at a distance of about 19 cm from the original lefthand edge of the 2-D chromatogram. 3 Identification of 5'-termini of oligonucleotides by ( H ) -labeling. The incubation mixtures contained, in a volume of 25 pi, 3-6 x 1 0~6 M nucleotide, 2 x 1 0~2 M N,N-bis(2-hydroxyethyl)glycine (pH 9.0), 10" M magnesium acetate, and 0.1 pg/pl acid-treated snake venom phosphodiesterase. Incubation was at 38° usually for 60 min (30 min for smaller oligonucleotides with chain lengths « 6 ) . NaIO4 solution was then added to a final concentration of 1.5 x 10~4 M and the mixtures were kept for 1 hr at 23° in the dark. 1 pi 5 x 10" 2 M ( 3 H)-KBH 4 or ( 3 H)-NaBH 4 was added and the solutions were kept for 1 hr at 23° in the dark.
10 pi 1 N acetic acid was added and the solution evaporated in a stream of air. The residues were dissolved in 10 pi water. wick attached at 16-17 cm. As in System 1, the sheet was soaked in methanol/conc. ammonia, but after application of the samples.
It was also given a preliminary development with water to 3-4 cm on the wick. After chromatography, the sheet was dried and treated with methanol as described for System 1. After evaporation, the treated area was cut out and placed in contact with a silica gel layer close to one corner of a 10 x 20 cm sheet. The cut-out-silica gel assembly was sandwiched between rather strong "button-type" magnets (see above). Subsequent ascending chromatography quantitatively transfers nucleoside trialcohols from the cut-out to the silica gel layer. Development was with (E) acetonitrile/tert. amyi alcohol/cone, ammonia (2 :
1 : 1) to 15 cm above the origin (first dimension) followed by (F) tert. amyl alcohol/methyl ethyl ketone/water ( 3 : 6 : 1.2) to 7.5 cm (second dimension). Compounds were located under UV light, cut i'rom the chromatograms and assayed by direct counting as described above. In addition, the nucleoside trialcohols derived from the labeled 3'-termini were also analyzed by 2-D TLC on cellulose following contact transfer. Solvents were as described for base analysis of oligonucleotides (see above). The cellulose chromatograms were evaluated in the same way as the silica gel chromatograms. Labeled nucleoside trialcohols may also be 34 rendered visible by fluorography on either cellulose or silica gel sheets. This procedure was routinely used for identification of dihydrouridine termini (e.g., DCD'-T obtained from DCDAAG).
RESULTS 3 Count r a t e s of ( H)-labeled nucleoside t r i a l c o h o l s released
by RNase T 9 treatment of ( H)-oligonucleotide-3' dialcohol spots, following periodate-phosphatase degradation of ApjppUpm CpApApmTJp, are presented in Table 1 . Tritium base a n a l y s i s had shown t h i s 5 1 compound to contain 3 A, 1 U, 1 m C, 1 m G, and 1 <,>, and A was found to be the 5 ' -t e r m i n a l nucleoside (see Table 2 Table 1 Radioactivity (cpm) of 3'-termini released by i_n situ RNase T2 treatment on PEI-cellulose of (3H)-oligonucleotide-3' dialcohol spots following periodate-phosphatasc degradation of ApypUpm 5 CpApApmlGp. The subindex indicates the chain length of the oligonucleotide. cellulose in the presence of 8.5 M urea, thus achieving resolution essentially according to charge , the radioactive compounds were located by fluorography and digested with RNase T2 3 in situ. The ( H)-trialcohols thus released from the 3'-termini Table 2 Determination of 5'-termini of various oligonucleotides by snake venom phosphodiesterase digestion followed by tritium postlabeling. Data are represented as cpm x 10-2. Blank spaces, compounds not analyzed as base analysis by (3H)-labeling indicated their absence. were found to contain impurities co-chromatographing with heptato dodecanucleotides in System 1. In this case, these labeled nucleotides could sometimes be located if the initial borotritide/NalO-ratio was kept at about 5 : 1 for the reduction of the early time points containing the large oligonucleotide derivatives. We had observed previously that KBT. is superior to NaBT 4 in analytical studies on the base composition of RNA; this seems to apply also to the present sequencing method since the presence of such acid-stable, apparently anionic compounds in commercial NaBT. may decrease sensitivity and interfere with de-37 tection and characterization of the nucleotides 3 ( l.)-labeled formate, present in the original borotritide O Q preparation and also formed by reduction of COg during the experimental manipulations, co-chromatographs in the "dinucleotide"
(dinucleoside phosphate dialcohol) area on PEI-cellulose. This 3 sometimes obscures the location of these compounds unless ( H ) -formate is removed prior to fluorography. In our experience, this is best accomplished by soaking the completely dry chromatogram in anhydrous methanol following chromatography in System 1 or 2. This treatment also removes urea (System 1 ) , which strongly quenches the emission of light during film exposure.
Higher alcohols were found to be much less effective than metha-3 nol in removing ( H)-formate and urea. Fig. 1 demonstrates that, during the course of the reaction, the larger oligonucleotide dialdehydes disappear as a result of their conversion to pieces of shorter chain lengths. The relative weakness of the dinucleotide spot (AA'-T) will be noted.
Depending on base composition of the 5'-terminus and the adjacent nucleotide, variable losses of dinucleotides were observed when the reaction mixtures were analyzed in System 1. This is the result of a combination of several factors, the most important of which appear to be interference by phosphatase with chromatography of dinucleotides and loss of material in the methanol treatment step. These factors seem to be related to the presence of urea in System 1, since considerably higher recoveries of labeled dinucleotides were obtained in Systems 2 and 3.
Particularly if the 5'-terminus and its neighbor are pyrimidines we recommend to identify the dinucleotide in System 2 or 3, Table 2 .
Figs. 2-4 illustrate the kinetics of periodate-phosphomonoesterase degradation of a hexanucleotide (Fig. 2) , a nonanucleotide 2500 2000 1500 -
500-2 4 6 8 10 REACTION TIME(HOURS) Fig. 3 Formation of oligonucleotide-3' dialdehyde intermediates during periodate-phosphatase degradation of UpCpCpCpCpUpUpCpGp as assayed by tritium postlabeling and PEI-cellulose TLC. (Fig. 3 ) , and a decanucleotide (Fig. 4 ) , respectively. Resolution of the hexanucleotide derivatives was achieved by silica gel TLC in System 3A, which separated the 5 oligonucleotide dialcohol derivatives according to chain length. Separation of the nona-and decanucleotide derivatives was carried out by PEI-cellulose TLC in System 1, except for the dinucleotide derivatives, which were analyzed following chromatography on PEIcellulose in System 2. Such compounds of known structure (see Table 1 ) could, however, be readily established by periodate-phosphatase degradation and tritium labeling as described in this communication.
DISCUSSION
The work presented in this paper shows that the sequence of rather large oligoribonucleotides may be deduced by periodatephosphatase degradation followed by chemical tritium postlabeling. The formation of a series of homologous oligonucleotide derivatives of decreasing net negative charge during the course of the reaction is consistent with the degradation mechanism 20 postulated previously :
1. In the case of a 3'-phosphorylated oligonucleotide with a chain length of N nucleotides, the terminal phosphomonoester group is first removed by the action of the phosphatase.
2. The exposed cis-glycol 3'-terminus is then oxidized by periodate to the corresponding oligonucleotide dialdehyde. The salient features pertinent to the application of this scheme to sequence analysis of polyribonucleotides may be summarized as follows:
1. Although neither phosphomonoesterase nor periodate possess any intrinsic exonuclease activity, their combination behaves like a 3'-> 5' directional, RNA-specific exonuclease ("pseudo-exonuclease").
2. Under the conditions specified, both reagents remain active over long periods of time; no decrease in "pseudo-exonuclease" activity was noted when mixtures of both reagents were incubated in the presence of borate for 10 hr at 50° before oligonucleotide was added (data not shown).
3. An important feature of this reaction is the absence of 
4.
The kinetics of periodate-phosphomonoesterase degradation appears to be largely independent of the chemical nature of the base being eliminated as its methylene dialdehyde derivative. This is apparent from the present data, which were derived from oligonucleotides having widely differing sequences. The detection of alt oli> • uucleotide intermediates by analyzing the reaction at properly timed intervals is therefore assured provided appropriate conditions are chosen for complete resolution of the reduction products of the aldehyde intermediates. The rate of conventional exonuclease digestion is strongly dependent upon the nature of the base being hydrolytically removed from terminal positions as a nucleoside monophosphate. This may make it difficult to detect all intermediates in partial digests by conventional exonucleases 5. In contrast to other chemical or enzymic postlabeling procedures for sequence analysis of nonradioactive oligonucleo-41-43 tides , the intermediates of the degradation process are themselves directly amenable to radioactive labeling by a simple one-step chemical reaction with a radioactive compound.
6. The long half-life of tritium may be regarded as advantageous when one compares this sequencing procedure with tucli-44 niques relying on biological prelabeling or enzymic postlabeling with radioactive phosphate.
7. The chromatographic behavior of trialcohols derived from the four major and most modified ribonucleosides is well 90 91 9fi TO IS known ' ' " ' . Since the 3'-termini of the oligonucleotide intermediates are converted to radioactive nucleoside trialcohols by borotritide reduction and RNase T o treatment the method is suited for the analysis of oligonucleotides containing modified bases.
8. The degradation process itself is of course not restricted to nonradioactive RNA fragments. Obviously it may be 32 used in conjunction with biological P-labeling. In this case the 3'-terminus of the oligonucleotide under investigation may be defined by terminal tritium labeling of an aliquot of the sample followed by alkaline or RNase T« digestion to nucleoside trialcohols and chromatographic analysis. The rest of the sample may then be subjected to periodate-phosphatase degradation, separated according to charge after borohydride reduction, and the 32 sequence, including the 5'-terminus, determined by P base analysis of the oligonucleotides. This approach, which incorporates the aforementioned advantages when compared with conventional exonuclease digestion techniques (see points 3 and 4 above), should present few technical difficulties.
9. The presented method is not, or only partially, applicable to oligonucleotldes containing ribose-methylated nucleosides since the degradation will come to a halt after 3'-terminal phosphate has been removed from such a site. For example, a reaction mixture derived from a heptanucleotide having a ribose-methylated nucleoside in the third position from the 5'-terminus will contain oxidized hepta-, hexa-, penta-, and tetranucleotide whose termini can be identified by the procedures described in this paper. The elucidation of the structure of the remaining trinucleotide fragment will require additional techniques, which hav.e yet to be investigated. The presence of ribose raethylation will be easily recognizable on the basis of the missing shorter pieces.
Concluding comments. It is essential that the oligonucleo- is done for about 4 days. By using borotritide of higher specific activity and extending the exposure time (or using spark chamber techniques rather than film detection) it will certainly be feasible to lower the analytical limit to 10~ mole of nonradioactive oligonucleotide. The possibility of deducing the sequence of such small amounts of unlabeled oligonucleotides by spectrophotometric methods appears remote.
